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GaN:δ-Mg grown by MOVPE: structural properties and their
effect on the electronic and optical behaviour
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The effect of Mg δ-doping on the structural, electrical and optical properties of GaN grown via
metalorganic vapor phase epitaxy has been studied using transmission electron microscopy, sec-
ondary ion mass spectroscopy, atomic force microscopy, x-ray diffraction, Hall effect measurements
and photoluminescence. For an average Mg concentration above 2.14 × 1019 cm−3, phase segre-
gation occurs, as indicated by the presence of Mg-rich pyramidal inversion domains in the layers.
We show that δ-doping promotes, in comparison to Mg continuous doping, the suppression of ex-
tended defects on the samples surface and improves significantly the morphology of the epilayers.
Conversely, we can not confirm the reduction in the threading dislocation density - as a result of
δ-doping - reported by other authors. In the phase separation regime, the hole concentration is
reduced with increasing Mg concentration, due to self-compensation mechanisms. Below the solu-
bility limit of Mg into GaN at our growth conditions, potential fluctuations result in a red-shift of
the emission energy of the free-to-bound transition.
PACS numbers: 68.37.Lp, 66.30.Jt, 78.55.Cr, 81.15.Gh
I. INTRODUCTION
Group III nitrides represent one of the most impor-
tant family of semiconductors for optoelectronic devices
because of their direct band gap, which spans the range
including the whole of the visible spectrum and extending
well into the ultraviolet (UV) and infra-red (IR) regions.1
Furthermore, nitride diluted magnetic semiconductors
(DMS) doped with transition metals or rare earths and
containing a sufficient concentration of acceptors, are ex-
pected to show ferromagnetic behaviour above room tem-
perature (RT) and to be, therefore, promising materials
for spintronics applications.2 However, due to the large
n-type background in the as-grown layers, high p-type
doping remains one of the greatest challenges in the fab-
rication of nitride-based high performance devices. Mg
is recognized as the most efficient source of acceptors for
nitrides and hindrances originating from the passivation
effect of Mg-H complexes3 have been successfully relieved
by low-energy electron beam irradiation (LEEBI)4 and
thermal annealing.5 Still unsolved is the problem of the
self-compensation,6,7 which limits the free hole concen-
tration to 1018 cm−3 for a Mg content in the 1019 cm−3.8
δ-doping has been proposed as a promising way to en-
hance the Mg incorporation into a GaN matrix and to
promote the free carrier concentration in the layers.9,10
Moreover, it has been reported to reduce the density of
threading dislocations in the highly faulted nitride layers
and, therefore, to improve the crystalline structure of the
host semiconductor.11
Recent works have reported on the enhanced electrical
efficiency of GaN:δ-Mg,12,13 when compared to homoge-
neously doped structures, with improved surface mor-
phology attributed to the reduction of threading dislo-
cations upon δ-doping. Other authors focus on the de-
fects in GaN:δ-Mg, underlining the analogy with faults
in GaN:Mg.14,15,16 Still controversial is the issue whether
the insertion of Mg into GaN in a δ-fashion represents
an effective alternative to the homogeneous doping. In
order to shed new light on this matter, we have already
reported the actual periodic distribution of Mg ions in
heavily doped GaN:δ-Mg layers.17 In this work, we de-
termine the solubility limit of δ-Mg in GaN at the given
growth conditions and we provide a quantitative analy-
sis of the distribution of Mg-rich defects originating from
phase separation. By studying cross-sectional specimens,
we get insights into the improved surface morphology of
GaN:δ-Mg with respect to that of GaN:Mg. Further-
more, we discuss the influence of Mg δ-doping on electri-
cal and optical properties.
II. EXPERIMENT
The Mg-δ-doped GaN epilayers have been fabri-
cated on c-plane sapphire substrates in an AIXTRON
200RF-S horizontal flow metalorganic vapour phase epi-
taxy (MOVPE) reactor. Trimethylgallium(TMGa), bis-
cyclopentadienyl magnesium (Cp2Mg), and ammonia
(NH3) were used as Ga, Mg and N sources, respectively.
17
Upon deposition of a 1µm GaN buffer layer at 1020 ◦C,
Mg-δ-doped GaN was grown at a substrate temperature
of 950 ◦C by alternatively closing and opening the TMGa
and the Cp2Mg sources. The superlattice structures con-
sist of 66 periods of alternate Mg-δ-doped layers and GaN
spacer layers, both with a nominal thickness of 13.22 nm.
All samples have been annealed in-situ under nitrogen at
780 ◦C for 15 minutes. Growth parameters including the
Cp2Mg flow rate and the exposure time of the surface to
Mg, have been controlled in order to optimize the Mg-
incorporation.
2TABLE I: Growth parameters and structural, electrical and optical data for the investigated GaN:δ-Mg samples
Cp2Mg Time SIMS XRD Hole conc. Na PL
ID (sccm) (s) 1019cm−3 FWHM 1017cm−3 1019cm−3 color
No.495 300 25 1.87 253 2.53 7.31 VL
No.499 350 30 1.99 255 2.75 8.77 VL
No.503 350 30 2.07 242 1.74 11.4 VL
No.497 350 25 2.14 249 3.38 – VL
No.493 400 25 2.71 250 2.29 9.75 BL
No.496 300 35 2.50 287 2.41 10.2 BL
No.501 350 30 2.43 245 2.71 10.2 BL
No.500 400 30 2.75 286 2.48 12.1 BL
No.498 350 35 3.14 286 2.01 12.4 BL
No.494 400 35 3.68 296 1.59 14.1 BL
FIG. 1: Micrograph of a Mg-δ-doped GaN layer (No.496),
showing a non-homogeneous distribution of PIDs. Moving
fom the sample surface to the nominally undoped GaN buffer,
the size of PIDs increases and their density diminishes.
In Table I, the structural, electrical, chemical and op-
tical parameters for Mg δ-doped GaN epilayers grown
respectively with three different Cp2Mg flow rates [300
standard cubic centimeters per minute (sccm), 350 sccm
and 400 sccm] and varying Mg deposition time are re-
ported. The growth process has been monitored by
means of in-situ laser reflectometry (LR)19 and x-ray
diffraction.20 The Mg concentration in the layers was
evaluated via secondary ion mass spectrometry (SIMS)
by employing sputtering with O2 and Cs
+ for the detec-
tion of Mg and hydrogen, respectively. Photolumines-
cence (PL) experiments were carried out with the 325
nm line of a He-Cd laser as excitation source. Hall effect
was measured in Van der Pauw geometry in the tem-
perature range from 150 to 440 K. High-resolution trans-
mission electron microscopy (HRTEM) studies have been
performed on cross-sectional samples prepared by stan-
dard mechanical polishing followed by Ar ion milling at
4 KV for about 1 hour. The TEM images were obtained
from a JEOL 2011 Fast TEM microscope operated at 200
kV and equipped with a Gatan CCD camera.
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FIG. 2: PID density vs depth from the surface for two GaN:δ-
Mg samples with respectively high (No.494) and low (No.496)
Mg concentration.
III. RESULTS AND DISCUSSION
A. Mg distribution in GaN:δ-Mg
SIMS analysis on GaN:δ-Mg epilayers with an aver-
age total Mg concentration of 3.68 × 1019 cm−3 reported
in one of our previous works17 revealed indeed, as an
effect of the incorporation in a δ-fashion, a periodic dis-
tribution of the Mg ions. Moreover, our TEM studies
on the same structures did not show neither composi-
tional ordering in diffraction patterns nor periodic pla-
nar defects in HRTEM, implying that the Mg dopants
are well-incorporated into the lattice sites during the δ-
doping process. The employed growth conditions ensure,
in the growth reactor, a nitrogen rich environment that
promotes the Ga-polarity (N-termination) of the GaN
spacer layers, as proven by the structural analysis of
the Mg-rich defects. These growth conditions generate
a large number of Ga vacancies suitable for the Mg ions
incorporation. It has been reported that, in contrast, in
3FIG. 3: GaN:δ-Mg: high resolution TEM images of PIDs on
(a) the [1010 zone axis] and (b) in the [1120] zone axis.
Mg-doped GaN of N-polarity (Ga-terminated), periodic
planar defects are formed by Mg accumulation.18
1. Above the solubility limit of Mg into GaN
For an average Mg concentration higher than 2.14
× 1019 cm−3, triangular defects are observed in cross-
sectional TEM images. Similarly shaped faults have
been reported for Mg continuously doped GaN grown by
MOVPE,21,22 molecular beam epitaxy (MBE)23,24 and
high pressure/high temperature techniques.18,25,26 These
triangular defects have been identified as Mg-rich pyrami-
dal inversion domains (PIDs), resulting from phase sep-
aration. As we will show later, HRTEM studies confirm
that triangular defects in GaN:δ-Mg are the profile of
PIDs with the same structure as those found in GaN:Mg.
From the above observations, we infer that 2.14 × 1019
cm−3 is the critical value for phase separation in GaN:δ-
Mg at our growth conditions.
In Fig. 1 the low-resolution TEM image of a GaN:δ-Mg
sample above the Mg solubility limit lets identify the in-
homogeneous distribution of PIDs in the layer. A statisti-
cal evaluation of the inversion defects density in different
samples shows that the average number of PIDs system-
atically increases with the Mg concentration. In Fig. 2
the PIDs density for two GaN:δ-Mg epilayers with dif-
ferent Mg content, is reported as a function of the depth
from the sample surface and it is found to be minimal
in proximity of the surface, to increase to a saturation
point with the depth, and to slightly decrease when ap-
proaching the interface with the nominally undoped GaN
buffer layer. We explain the observed variation of PID
density in each layer by considering the way Mg diffuses
into the GaN matrix during the growth process and as-
suming that the diffusion of the Mg ions into GaN obeys
the Fick’s first diffusion law, namely:
∂CMg
∂t
= −div ~JMg, (1a)
~JMg = −D · ∇CMg. (1b)
FIG. 4: Distribution of PIDs in a Mg-continously-doped GaN.
The Mg ions tend to segregate to the surface, where they
aggregate in inversion domains.
where ~JMg denotes the diffusion flux , CMg the con-
centration on Mg ions and D the diffusion coefficient.
Eq. 1 implies that the diffusion flux of the Mg dopant is
proportional to the gradient of its time-dependent con-
centration. The diffusion length Ld can be described by
the Einstein-Smoluchowski approximation:
Ld =
√
Dt, (2)
where t is the time for diffusion. During the Mg δ-
doping process, the time suitable for diffusion of the Mg
ions reduces monotonically with the proceeding of the
growth. The δ-Mg layers deposited in subsequent stages
tend to be increasingly localized, since the decreasing
time for diffusion reduces the diffusion length , this ef-
fect explaining the periodical distribution of Mg in the
vicinity of the sample surface. Moreover, since the Mg
dopants are rather localized, the surface of GaN:δ-Mg is
virtually free of extended defects, leading to an improved
surface morphology. On the other hand, close to the in-
terface with the nominally undoped GaN buffer, due to
the longer diffusion time of the first δ-layers, more Mg
ions tend to aggregate to form larger PIDs with, conse-
quently, a reduced density.
HRTEM studies show that the microstructure of pyra-
midal defects in GaN:δ-Mg is the same as the one of those
observed in GaN:Mg. Fig. 3(a) and 3(b) report the high
resolution images of PIDs in a cross-sectional GaN:δ-Mg
specimen viewed along the [1010] and the [1120] zone
axis, repectively. The angles between the basal plane and
the faceted planes are 47±1◦ and 43±1◦ for the projec-
tions along the [1010] and [1120] direction, respectively.
Therefore, the PIDs have a base on the (0001) plane and
six sidewalls on the
{
1123
}
planes, exactly the same as
those reported for the Mg-continuously-doped GaN. In
dark-field images (not shown here) at the two beam con-
ditions, the pyramidal structures contrast reverses for g
4= 0002 and g = 0002, confirming their nature of inver-
sion domains. The tip of the PIDs points toward the
substrate, implying that the matrix has Ga-polarity.21
The average size of PIDs - i.e. the basal plane diameter -
in our GaN:δ-Mg layers is in the range 5-10 nm, smaller
than the 5-20 nm reported for PIDs in GaN:Mg.27
2. Below the solubility limit of Mg into GaN
For an average Mg concentration below 2.14 × 1019
cm−3, we could not detect phase separation. Further-
more, in this regime, SIMS measurements did not show
a modulated Mg profile of the doped layers. Although,
we can not rule out that in this case the local fluctuation
in Mg composition lies below the detection limit of SIMS.
B. PIDs distribution: GaN:δ-Mg vs GaN:Mg
For comparison purposes, GaN:Mg samples have been
fabricated at the same growth conditions as the GaN:δ-
Mg structures above solubility limit, except that Mg has
been continuously incorporated into the GaN matrix.
The large number of PIDs and inversion domains visible
in the low-resolution TEM of Fig. 4 confirms that also in
this GaN:Mg sample phase separation occurs, although
here the distribution of PIDs is quite different from that
in GaN:δ-Mg: here both size and density of the inversion
domains increase in the region close to the sample sur-
face. Therefore - in contrast to the case of GaN:δ-Mg -
upon phase separation, in GaN:Mg the Mg ions tend to
segregate to the surface, similar tendency being reported
for MBE-grown GaN:Mg.28,29
A systematic atomic force microscopy (AFM) study of
the surface morphology of both GaN:δ-Mg and GaN:Mg
samples allows to notice a trend in the root-mean-square
(RMS) roughness as a function of the fashion of Mg incor-
poration and of the nominal Mg content. The GaN:δ-Mg
samples generally show a smooth-terraced surface virtu-
ally free of extended defects and with an RMS of 1 -
6 nm, linearly increasing with the Mg content. Most of
the terraces are pinned by dips, associated to the inter-
section of screw or mixed threading dislocations with the
free surface.30 In contrast, the GaN:Mg surface presents
a higher surface roughness, estimated in some 10 nm,
likely to be correlated with the presence of inversion do-
mains in proximity of the sample surface. This could be
the main reason for the improved surface morphology of
GaN:δ-Mg. We would like to point out that our obser-
vations are in contrast with Ref. 13 where the formation
of PIDs in GaN:δ-Mg is ruled out, based on surface mea-
surements solely. The authors of both the Ref. 12 and
Ref. 13 argue that the reduction of threading disloca-
tions, claimed to result from δ-Mg doping, contributes
decisively to the improved morphology. In the following
section, we will discuss our observations of the influence
FIG. 5: Weak-beam dark field images of a GaN:δ-Mg sample
taken close to the [1010] zone axis with (a) g = 0002 (2g/5g)
and (b) g = 1120 (1g/3g), respectively.
of Mg-δ-doping on the threading dislocations (TDs) in
the GaN matrix.
C. Threading dislocations in GaN:δ-Mg
The epitaxial growth mode dramatically affects the in-
terplay between TDs in the matrix and the Mg ions. LR
data recorded in-situ indicate a two-dimensional (2D)
growth mode for all investigated δ-doped layers,17 as con-
firmed by AFM measurements. The deposition of Mg in
a δ-fashion reduces periodically the reflectivity of the sur-
face and this attenuation is either related to the different
optical response of the incorporated Mg adatoms, or to
the reduction of GaN layer thickness by etching effects.17
The growth of the GaN spacers restores the 2D growth
right after the Cp2Mg precursor source is switched off.
No nucleation process occurs during δ-doping. In the ex-
situ XRD measurement, the full-width-at-half-maximum
(FWHM) of the rocking curves of the (0002) reflection
range from 245 to 296 arcsec over the whole series of in-
vestigated samples. Therefore, the overall fluctuation of
the FWHM is estimated in only one sixth, whereas the
average Mg concentration doubles its value. This implies
that the screw dislocation density, proportional to the
square of the FWHM of the ω-scans,31 does not change
considerably with varying the Mg content in the GaN:δ-
Mg layers.
In our TEM study, we do not observe a significant re-
duction in the number of TD upon Mg-δ-doping. The
overall dislocation densities are in the order of 109 cm−2
for edge dislocations, and 108 cm−2 for screw- and mix-
type dislocations, roughly the same as those estimated
by AFM. The weak-beam dark field images in Fig. 5, are
acquired at g = 101¯0 (a) and g = 0002 (b). According to
the invisibility criterion, the screw dislocation with Burg-
ers vector b = [0002] and the edge dislocation with b =
(1/3)[112¯0] are visible in Fig. 5(a) and Fig. 5(b), respec-
tively. Mixed dislocations with b = (1/3)[112¯3] can be
identified in both images. In all the investigated GaN:δ-
Mg samples, the TDs are not affected by the δ-doping
process. It is actually expected that δ-doping is an ef-
5FIG. 6: (a) TEM micrograph of the region surrounding two
neighbour threading dislocations, where a pit associated to
the two TD can be resolved at the sample surface. (b) High
magnification image showing large PIDs in between the two
TD, with the dislocations generating a bamboo-like void con-
trast.
FIG. 7: (a) Annihilation of two threading dislocations; (b)
dislocation decorated by two distorted PIDs.
fective way to reduce the threading dislocations density
in GaN.11 However, the reduction highly depends on the
growth mode of the δ-layer, e.g. 2D or 3D nucleation can
crop the TDs, whereas if the delta layers add in an atomic
step-flow mode, their density will not be reduced.32 At
our growth conditions, the Mg dopants tend to occupy
the Ga sites without any nucleation, consequently the
TDs are not reduced and for this reason the improved
morphology of the GaN:δ-Mg samples must be not TD-
related. TDs in GaN, acting as charging centers and
gathering Ga vacancies, are likely to attract the Mg ions.
In the TEM micrograph of a GaN:δ-Mg sample above the
solubility limit reported in Fig. 6(a), the PIDs formed in
between two threading dislocations are displayed. These
inversion domains have an average size of 25 nm, much
greater than the one (5-10 nm) of the non-TD-related
PIDs. A close inspection of the dislocation line reveals
the bamboo-like void contrast reported in Fig. 6(b). Sim-
ilar structures have been reported for Mg-continuously-
doped AlGaN, where TEM studies have shown that the
threading dislocations present hollow cores - initiated by
Mg segregation - promoting the precipitation of Mg.33,34
In GaN:δ-Mg we expect an analogous mechanism: two
dislocations may preferentially trap Mg adatoms during
the growth interruption, the subsequent diffusion creates
voids around the dislocation, and promotes the formation
of large PIDs in the area around the faults.
The columnar structure formed by the complex of the
two dislocations and the PIDs between them, terminates
in a pit at the sample surface. This effect is due to the
large volume of the inversion domains present inside the
column, which reduce the overall growth rate, as an ef-
fect of the different growth rates of the two now coexist-
ing polarities.35,36 By comparing again Mg-continuously-
doped GaN and AlGaN,37,38 and the GaN:δ-Mg struc-
tures under investigation, it becomes evident that in
GaN:Mg uniform inversion domain columns are formed
in between two dislocations, whereas in the δ-doped sam-
ples larger PIDs are generated instead of an uniform in-
version domain. We tend to explain this phenomenon as-
suming that the overlateral diffusion of Mg is enhanced
in the considered area, but the vertical diffusion is still
hampered by the GaN spacer, therefore, the uniformed
inversion domains are unlikely to form.
The gathering of Mg ions by the threading dislocations
may also result in an annihilation of faults. In Fig. 7(a) a
dipole loop at the interface between the GaN buffer and
the GaN:δ-Mg is reported. Here the dislocations are of
c-type, as determined by the invisiblility criterion. The
density of PIDs is slightly reduced within the regions ex-
tending some tens of nanometers around the dislocations.
Analogous annihilation loops have been reported for Si-
δ-GaN,11 and attributed to the pinning of the risers of
the spiral step structures associated with screw disloca-
tion. Similarly, during the growth interruptions of our
GaN:δ-Mg samples, the Mg ions may accumnulate at the
end step-edges of screw dislocations. In the subsequent
growth, then, the dislocation line is compelled to bend
over the basal plane. In this way, two neighbouring screw
dislocations with opposite Burgers vector can pair and
annihilate, generating in this way a dislocation loop. It
is worth to emphasize that the annihilation of disloca-
tions by pinning is very occasional in GaN:δ-Mg, and it
does not affect the average dislocation density.
In a simpler case, the gathering of Mg ions by TDs
merely causes a decoration of the dislocations, as shown
in Fig. 7(b). Here the two distorted PIDs are separated
by a distance of 12 nm, corresponding to the thickness
of the GaN spacer, making it likely that the PIDs are
formed due to overlateral diffusion from the δ-Mg layers
to the dislocations.
D. Electrical and optical properties of GaN:δ-Mg
As previously mentioned, from the structural analysis
we can infer the solubility limit of Mg into GaN:δ-Mg
at the growth conditions to be 2.14×1019 ions/cm3. In
the following, we will demonstrate that when this value
is exceeded, the electrical and optical properties of the
GaN:δ-Mg epilayers are significantly affected.
In Fig. 8 the hole concentration at RT is reported as
a function of the Mg content evaluated via SIMS. With
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FIG. 9: PL: peak energy of the VL and BL bands vs. exci-
tation power for two GaN:δ-Mg samples, respectively below
(No.495) and above (No.498) the solubility limit of Mg.
increasing Mg effective incorporation, the hole concen-
tration tends to saturate around 2.25×1019 Mg ions/cm3
and then decreases, due to self-compensation upon phase
separation.8 The highest hole concentration we achieved
is 3.38×1017 cm−3 for a Mg content of 2.14×1019 cm−3.
The PL spectra of GaN:δ-Mg reported in one of our
previous works17 present two main regimes as well:
at concentrations of the Mg ions between 1.85 and
2.14×1019 cm−3, a broad luminescence band at around
3.050 eV is formed, whereas for higher contents, a second
band arises with a maximum in the blue spectral range
at around 2.870 eV. The creation of these two bands is
strictly limited to one of the two regimes, and coexis-
tance could not be observed. In order to gain insight
into the nature of the radiative recombination mecha-
nisms involved, we have studied the dependence on exci-
tation power of the peak position for the violet lumines-
cence (VL) and blue luminescence (BL) at 15K. As shown
in Fig. 9, the violet band presents a slight blue shift of
about 20 meV, while the shift of the BL is up to 100 meV.
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FIG. 10: GaN:δ-Mg: schematic band diagram for the struc-
ture with periodic distribution of the Mg ions. In the GaN
spacer between two consecutive Mg-δ-doped layers, the decre-
ment of the Mg concentration increases the Fermi level. The
leveling of the Fermi levels across the whole heterostructure
results in potential fluctuations that reduce the energy of free-
to-bound transition.
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We therefore attribute the VL and BL to free-to-bound
transitions (Mg0, e−) and to deep donor-acceptor pair
(DDAP) recombinations, respectively. The above men-
tioned recombination effects are similar to those reported
for GaN:Mg. However, in the low doping regime, the
transition energy in GaN:Mg is in the range of 3.1 -
3.25 eV,40,41,42 slightly higher than the one we observe
in GaN:δ-Mg. The different transition energy may be re-
lated to a dissimilar average Mg-concentration - usually
not specified in literature - or to the modulated Mg dis-
tribution in Mg-δ-doped GaN. In the low doping regime,
the diffusion of Mg into the GaN spacer layers is lim-
ited, the periodicity in the Mg ions concentration causes
the Fermi level to oscillate with a period tuned with the
δ-layers occurrence. The leveling of the Fermi energy
by the thermal equilibrium gives rise to the periodic po-
tential fluctuations sketched in Fig. 10. The recombina-
tion between the electrons in proximity of the conduction
7band minimum and the deep Mg acceptors gives rise to
a VL band with a reduced energy. In Fig. 11 the posi-
tion of the VL is shown to shift to lower energies with
increasing Mg concentration. Below the solubility limit,
acceptor levels become shallower with increasing Mg con-
centration, leading to a blue-shift of the emission energy
of the free-to-bound transition. The red-shift here indi-
cates that the potential fluctuations are enhanced with
the raising of the Mg concentration. As the Mg diffusion
is limited in the low doping regime, the increasing of Mg
content may amplify the potential fluctuation, generating
an emission at an even lower energy.
IV. SUMMARY
The structural properties of GaN:δ-Mg grown on c-
plane sapphire substrates by MOVPE have been investi-
gated at the nanoscale and correlated with the electrical
and optical response of these epilayers. Moreover, the
characteristics of the δ-doped samples have been com-
pared with those of continuously Mg-doped GaN with
equivalent Mg content, in order to gain insight into the
effectiveness of δ-doping for the required enhancement of
the p-conductivity efficiency in nitride-based heterostruc-
tures. At the employed growth conditions, the solubility
limit of Mg into GaN is reached for an average Mg con-
centration of 2.14 × 1019 cm−3. Above the solubility
limit, Mg-rich PIDs are observed, with a density increas-
ing with the average Mg concentration. The surface of
the GaN:δ-Mg epilayers is found to be virtually free of
extended defects, due to the hindering of the vertical dif-
fusion of Mg caused by the GaN interlayers. By contrast,
in continuously doped GaN the Mg dopants tend to dif-
fuse to and accumulate on the surface, resulting in more
extended defects (inversion domains). These facts may
give a reason for the improved surface morphology of
GaN:δ-Mg as compared with that of GaN:Mg. We can
not, however, confirm the reported reduction of threading
dislocations as an effect of δ-doping. The onset of phase
separation in the layers affects the electrical and optical
properties as well: e.g. self-compensation effects begin to
influence the conductivity of the structures and the dom-
inant recombination mechanisms take place in a different
energy range. We expect that, by tuning the growth
parameters (including growth temperature, Cp2Mg flow
rate, interruption time and spacer layer thickness) dur-
ing the fabrication of GaN:δ-Mg, the solubility limit of
Mg into GaN can be affected in a controlled way, allowing
e.g. to enhance the incorporation of the magnetic ions, to
hinder the self-compensation mechanisms and, therefore,
to improve the concentration of active carriers in the lay-
ers. Furthermore, recent theoretical works postulate the
onset of 3D interactions in δ-doped nitride-based DMS,
leading to an enhancement of the Curie temperature.43
From the above considerations, it appears more and more
clear that the δ-doping technique, in combination with
characterization methods at the nanoscale, can be fur-
ther exploited and has the potential to promote the per-
formance of functional future devices.
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